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Introduction 14
Three major classes of endogenous small RNAs (sRNAs) exist in plants: 15 microRNAs (miRNAs), heterochromatic small interfering RNAs (hc-siRNAs), and 16 phased, secondary small interfering RNAs (phasiRNAs). From extensive sRNA 17 sequencing in plants, numerous loci generating phasiRNAs have been reported; in 18 grasses, phasiRNAs are enriched in flowers, particularly male reproductive organs 1-4 . 19 PhasiRNA production is initiated by miRNA-mediated cleavage of RNA polymerase II 20 transcripts of two classes of PHAS loci. Subsequently, the 3' portion of cleaved 21 transcripts is converted to double-stranded RNA, a substrate for precise chopping by 22 DICER-LIKE 4 (DCL4) yielding 21-nt products; a distinct, proposed role for DCL5 is in 23 3 the generation of 24-nt phasiRNAs 2-4 . The 21-nt phasiRNAs are highly abundant during 24 initial cell fate setting in maize anthers 1 and are important for male fertility in rice 5,6 . 25
The 24-nt phasiRNAs accumulate coincident with meiotic start, peak during meiosis, and 26 persist at lower levels afterwards; this pattern has generated speculation that they regulate 27 meiosis 7, 8 . 28
29
In angiosperms, five DCLs have been described and partially characterized 9 . 30 DCL1 is important for miRNA biogenesis, as illustrated by regulation of meristem 31 determinacy in maize inflorescences 10 . In Arabidopsis thaliana, DCL2 processes viral-32 and transgene-derived siRNAs 11 ; DCL3 produces 24-nt hc-siRNAs, which then direct 33 DNA methylation of target loci 12 . In many plants including Oryza sativa (rice), DCL4 34 generates 21-nt trans-acting siRNAs and phasiRNAs 3 . Although the functions of these 35 four DICER-LIKE genes are well conserved in flowering plants, these genes have 36 partially overlapping functions 11, 13 . A fifth, more recently discovered gene, Dcl5, is 37 monocot-specific 9 . To better understand the function of DCL5 and its proposed role in 38 24-nt phasiRNA biogenesis 1 , we characterized maize dcl5 mutants generated using a 39 high efficiency CRISPR-mediated gene editing system 14 . 40
41

Results
42
Loss-of-function mutants of the maize Dcl5 gene confer male-sterility 43
We picked four alleles for analysis ( Fig. 1A) , and from T0 plants we developed 44 stable lines that show Mendelian inheritance of each dcl5 allele ( Fig. 1B , Table S1 , and 45
Fig. S1). dcl5-1 and dcl5-4 are frameshift mutants with transcript levels down-regulated 46 4 to about a third of their wild type siblings; in contrast, dcl5-2 (3 bp deletion) and dcl5-3 47 (12 bp deletion, 1 bp substitution) have similar or higher transcript levels compared to 48 control siblings ( Fig. 1B and Fig. S2 ). Wild type and heterozygous dcl5-1//Dcl5 plants 49 greenhouse-grown at 32° C maximum day/21° C minimum night were identical in whole 50 plant architecture, anther morphology, and fertility. Under the same conditions, 51 homozygous dcl5-1 plants were male sterile (Fig. 1C ). Compared to their fertile siblings, 52 sterile dcl5-1 plants lacked visible differences in tassels and spikelets, however, the 53 sterile anthers were shorter, contained shrunken pollen, and did not exert from the 54 spikelets ( Fig. 1C and Fig. S3 ). Sporadically, a few anthers exerted and shed viable 55 pollen. Under field conditions, all four alleles showed equivalent levels of male sterility. 56
No genomic editing can be detected in the homologous sequence in Dcl3 which is the 57 most likely potentially off-target locus (Fig. S4 ). We concluded that Dcl5 is required for 58 robust male fertility. 59 60 dcl5-1 mutants exhibit tapetal defects 61
To investigate whether dcl5-1 plants display defects in anther cell patterning, we 62 used confocal microscopy and found normal somatic layer architecture without defects in 63 initial cell differentiation ( Fig. S5 ). In addition, chromosome pairing, alignment, and 64 meiotic progression were normal in dcl5-1 meiocytes (Fig. S6 ). The dcl5-1 meiocytes 65 routinely complete meiosis and produce haploid gametophytes. Transmission electron 66 microscopy was utilized to visualize nuclei and other cell organelles at higher resolution. 67
During mid-meiosis (2 to 2.5 mm anthers), normal tapetal cells were densely packed with 68 dark-staining materials and were mostly binucleate ( Fig. 2A and Fig. S7 ). In contrast, the 69 5 tapetal cells in dcl5-1 were pale and mostly mononucleate, and many cell organelles were 70 not clearly resolved ( Fig. 2B and Fig. S7 ). Whole mount, fluorescence microscopy was 71 used to quantify binucleate status in dcl5-1 and fertile anthers. In 1.5 mm anthers 72 (prophase I), there were five-fold fewer binucleate tapetal cells in dcl5-1, and a 73 significant difference persisted at 2.5 mm (meiosis II) ( Fig. 2 and Fig. S8 ). In extensive 74 confocal microscopic examination of dcl5-1 anthers, we observed no significant or 75 consistent differences in cell number or volume compared to fertile siblings. 76
Collectively, these observations indicate that tapetal development is delayed or arrested 77 and that the dcl5-1 tapetal cells are therefore likely defective in conducting post-meiotic 78 functions supporting pollen maturation. 79
80
Dcl5 is exclusively expressed in the meiocytes and tapetal cells at the onset of meiosis 81
To obtain a comprehensive spatiotemporal profile of maize Dcl5 expression, we 82 queried microarray, published and newly generated RNA-seq (Table S2) , and proteomics 83 data. Dcl5 transcripts are highly enriched in tassels, cobs, embryos, and seeds 15, 16 , and in 84 fertile anthers. In contrast, DCL5 protein is low in 1.0 mm, pre-meiotic anthers and 85 extremely high in 2.0 mm mid-meiosis anthers, but is undetectable in ear, embryo, or 86 endosperm 17 . Microarray analysis of laser-microdissected anther cell types 18, 19 and in 87 situ hybridization analysis of anther lobes 1, 20 established that Dcl5 transcripts are highly 88 enriched in the tapetum and are present at lower levels in pre-meiotic pollen mother cells 89 and meiocytes. RNA-seq confirmed Dcl5 expression in isolated maize meiocytes, 90 however, quantitatively there are even higher levels in whole anthers 21 , as confirmed by 91 newly-generated anther data (Table S2) . Therefore, Dcl5 is expressed much more highly 92 6 in one or more somatic cell types than in meiocytes 21 . Integrating prior observations that 93 24-nt phasiRNA biogenesis is contingent on a normal tapetum 1 , with the peak of Dcl5 94 and DCL5 expression in meiotic anthers, we conclude that the 24-nt phasiRNA pathway 95 is localized in tapetal cells. We hypothesize that this localization and timing is of 96 functional importance for the redifferentiation of tapetal cells into secretory cells. 97 98 24-phasiRNAs abundance is greatly reduced in dcl5 mutants. To investigate if 24-99 nt phasiRNA biogenesis is affected in dcl5 mutants, sRNA libraries were constructed 100 from anthers or spikelets of each dcl5 allele (Table S2 ). Previously, we found that 24-nt 101 phasiRNAs were readily detected from 176 24-PHAS loci in W23 inbred anthers 1 . The 102 24-nt sRNAs produced from all these loci were reduced dramatically in plants 103 homozygous for each dcl5 allele compared to fertile siblings even though dcl5-2 and 104 dcl5-3 encode proteins that lack only a few amino acids ( Fig. 3 ). Other sRNAs, including 105 24-nt hc-siRNAs and 21-nt phasiRNAs were retained ( Fig. S9 ). We conclude that Dcl5 is 106 required for 24-nt phasiRNA biogenesis and that the dcl5-2 and dcl5-3 mutations define 107 amino acids essential for DCL5 function. Analysis of 24-PHAS precursors in RNA-seq 108 anther libraries from the same plants showed greater or nearly the same levels of 109 precursor abundance in each of the dcl5 mutant alleles 4 ( Fig. S10 ). Therefore, the 110 absence of functional DCL5 severely disrupts 24-nt phasiRNA precursor processing with 111 a modest impact on their accumulation. 112 113 Analysis of these RNA-seq data to characterize downstream transcriptional 114 pathways impacted in dcl5 mutants was uninformative, consistent with prior results that 115 7 failed to identify mRNA targets for 24-nt phasiRNAs 1 
. The transcriptional changes in 116
dcl5-1 mutants were minimal with many of these impacted transcripts being downstream 117 effects of the arrested tapetal development (Table S3) were greenhouse-grown at 28/22° C until the tassel inflorescence formed (~30 days), then 143 plants were moved into two walk-in chambers: permissive 23/20° C or restrictive 28/22° 144 C regimes. In the next three weeks, 14 sets of three plants were swapped between the two 145 regimes for 3, 6, 9, 12, 15, 18 or 21 days, and then all plants finished their life cycle in 146 the 28/22° C greenhouse (Fig. S12) . Plants in the 23/20° C regime from the start of 147 meiosis through the release of mononucleate microspores (~9 day period, swaps 7 to 11, 148
Fig. S12) were fully fertile. Sample plants were assessed during the 6 th through 9 th days 149 to check anther staging in the main tassel spike, confirming that this interval corresponds 150 to meiosis and post-meiotic stages in the most mature part of the tassel. These stages also 151 encompass the initiation, peak, and continued presence of 24-nt phasiRNAs in normal 152 anthers 1 . Plants in the permissive temperature for fewer than nine days during this 153 interval had reduced fertility; we hypothesize that this extended interval is required to 154 allow all anthers to proceed through the phenocritical period to ensure full fertility. The 155 temperature swap experiment demonstrates that there is a short period in which DCL5 is 156 required to "buffer" development at elevated temperatures. Surprisingly, the restrictive 157 temperature is similar to what is considered optimal day temperature for the U.S. corn 158 belt; historical data indicate that growth between 20° to 29° C generates optimal yield, 159 with higher yields associated with warmer temperatures within this range 23,24 . For anther wall structure analysis with confocal microscopy, the anthers of 219 precisely measured sizes were dissected and stored in 70% ethanol for fixation. Fixed 220 anthers were then stained by propidium iodide and visualized on a Leica SP8 confocal 221 microscope as previously described 18 . Meiocytes were extruded and stained by DAPI 222 (4',6-diamindino-2-phenylindole) following published protocols 31 . The Alexander's 223 staining solution 32 was used to test the viability of the pollen grains in the permissive 224 conditions. TEM procedures were followed as described 33 , summarized as follows: 225 anthers were dissected and fixed in fresh 0.1 M PIPES buffer (pH 6.8). A 2% osmium 226 tetroxide stain was applied with brief washes, followed by dehydration in an acetone were then mapped to version 4 of the B73 maize genome using Bowtie 37 . Read counts 261 were normalized to 20 million to allow for the direct comparison across libraries. 262 phasiRNAs were designated based on a 24-nt length and mapping coordinates within the 263 previously identified 176 24-PHAS loci 1 , updated to version 4 of the B73 genome using 264 the assembly converter tool 38 . If a 24-nt phasiRNA did not uniquely map to the genome, 265
we divided the abundance equally to each location to which the read mapped, i.e. a hits-266 normalized abundance. These hits-normalized abundances were then summed for each of 267 the 176 loci to calculate the 24-nt phasiRNA abundances. 268 269 RNA-seq libraries were trimmed as above, and mapped to version 4 of the B73 270 genome using Tophat version 2.0.12 39 . For differential expression analysis of genes, we 271 assembled the transcripts using the Cufflinks package 40 and raw gene expression levels 272 were quantified using featureCounts version 1.5.0 41 to generate count tables that were 273 imported into R for statistical analysis 42 . Weakly expressed transcripts (fewer than 1 274 14 read) were filtered out, and the remaining transcripts were normalized using DEseq2 to 275 finally identify a set of differentially expressed genes for anthers homozygous for each 276 mutant allele 43 . Due to a lack of a replicate for the dcl5-1 restrictive library, we 277 calculated dispersions using the mean of libraries to identify differentially expressed 278 transcripts without a complete set of replicates. 279
280
For differential expression analysis of the PHAS precursors, we were unable to 281 assemble the transcripts that mapped to these regions because of the absence of 282 annotation in any feature files. Instead, we conducted this analysis in parallel to the 283 analysis of the sRNA data. We first normalized the mapped fragmented reads as counts 284 per 15 million, and applied the hits-normalized abundance approach described above. 285
Using the annotated 24-PHAS loci (above), we then identified the summed abundance of 286 RNA-seq transcript fragments that mapped to these regions to identify a representative 287 abundance for each 24-PHAS precursor. Replicate libraries were averaged together prior 288 to the creation of the heatmap, and we added 1 to all abundances in order to prevent 289 log2(0) error while also giving the added benefit of removing negative log transformed 290 values. Boxplots were generated for each replicate's log transformed values. Environ. 37, 1-18 (2014) . 365
